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PROCESS AND APPARATUS FOR CONTROL 
OF NO IN CATALYTIC COMBUSTION 

SYSTEMS 

CROSS-REFERENCE TO RELATED CASE 

This application is the Regular U.S. Application of our 
earlier-filed Provisional Application of the same title, Ser. 
No. 60/229,576 filed Aug. 31, 2000. This application is also 
related to copending Ser. No. 09/042,976, filed Aug. 29, 
2001, by some of us (Yee, Velasco, Nickolas and Dalla 
Betta), entitled CONTROL STRATEGY FOR FLEXIBLE 
CATALYTIC COMBUSTION SYSTEM. The benefit of the 
filing and priority dates of these applications are hereby 
claimed under 35 U.S.Code, SS 119 and 120. 

FIELD OF THE INVENTION 

The invention relates to methods and apparatus, both 
devices and Systems, for control of NO in catalytic com 
bustion Systems, and more particularly to control of thermal 
or/and prompt NO produced during combustion of liquid or 
gaseous fuels in the combustor Sections of catalytic 
combustor-type gas turbines, by controlled injection of 
water in liquid or vapor form at Selected locations, 
orientations, amounts, rates, temperatures, phases, forms 
and manners in the combustor and/or compressor Sections of 
gas turbines. The ratio of NO ppm reduction to water 
addition, in weight %, is on the order of 4-20, with % NO 
reduction on the order of up to about 50-80%, or more, and 
NO of below 2 ppm being achievable by the inventive 
proceSS. 

BACKGROUND OF THE FIELD 

Gas turbines are used for a variety of purposes, among 
them being motive power, gas compression and generation 
of electricity. The use of gas turbines for electrical genera 
tion is of particular growing interest due to a number of 
factors, among them being modularity of design, good ratio 
of generation output capacity to Size and weight, portability, 
Scalability, and efficiency. They also generally use low Sulfur 
hydrocarbon fuels, principally natural gas, which offers the 
promise of lower Sulfur oxides (SO) pollutant output. This 
is particularly important in the case of use of gas turbines for 
power generation in urban areas, where they are attractive 
for grid in-fill to cover growing power needs as urban 
densification occurs. 

However, gas turbines operate at high temperature, in the 
range of from about 1100° C. for moderate efficiency 
turbines, to 1500 C. for modern high efficiency engines. To 
achieve these temperatures at the turbine inlet, the upstream 
combustor Section must produce a Somewhat higher 
temperature, generally 1200 to 1600 C. to compensate for 
air infiltration as a result of Seal leakage or the purposeful 
addition of air for cooling of the metal walls. At these 
temperatures, the combustion System will produce NO, in 
amounts increasing as the temperature increases. The 
increased amounts of NO need to be reduced to meet 
increasingly Stringent emissions requirements. 
Current Gas Turbine Systems 
A typical gas turbine System comprises a compressor 

upstream of, and feeding compressed air to, a combustor 
section in which fuel is injected and burned to provide hot 
gases to the drive turbine which is located just downstream 
of the combustor section. FIG. 1 shows a conventional 
system of the type described in U.S. Pat. No. 5,183,401 by 
Dalla Betta et al., U.S. Pat. No. 5,232,357 by Dalla Betta et 
al., U.S. Pat. No. 5,250,489 by Dalla Betta et al., U.S. Pat. 
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2 
No. 5,281,128 by Dalla Betta et al., and U.S. Pat. No. 
5,425,632 by Tsurumi et al. These types of turbines employ 
an integrated catalytic combustion System in the combustor 
Section. Note the combustor Section comprises the apparatus 
System between the compressor and the drive turbine. 
As shown in FIG. 1 the illustrative combustor section 

comprises: a housing in which is disposed a preburner, fuel 
Source inlets, catalyst fuel injector and mixer, one or more 
catalyst Sections, and a post catalyst reaction Zone. The 
preburner burns a portion of the total fuel to raise the 
temperature of the gas mixture entering the catalyst, and 
Some NO is formed there. Additional fuel is introduced 
downstream of the preburner and upstream of the catalyst 
and is mixed with the proceSS air by an injector mixer to 
provide a fuel/air mixture (F/A mixture). The F/A mixture is 
introduced into the catalyst where a portion of the F/A 
mixture is oxidized by the catalyst, further raising the 
temperature. This partially combusted F/A mixture then 
flows into the post catalyst reaction Zone wherein auto 
ignition takes place a Spaced distance downstream of the 
outlet end of the catalyst module. The remaining unburned 
F/A mixture combusts in what is called the homogeneous 
combustion (HC) Zone (within the post catalyst reaction 
Zone), raising the process gases to the temperature required 
to efficiently operate the turbine. Note that in this catalytic 
combustion technology, only a portion of the fuel is com 
busted within the catalyst module and a significant portion 
of the fuel is combusted downstream of the catalyst in the 
HC Zone. 

Each model and type of drive turbine has a required inlet 
temperature, called the design temperature or turbine inlet 
temperature. In addition, because cooling air is injected just 
upstream of the drive turbine, the outlet temperature of the 
combustor must in fact be higher then the turbine inlet 
temperature. For proper operation of a gas turbine at high 
efficiency, the combustor Section outlet temperature must be 
continuously controlled to be maintained at the desired 
combustor outlet temperature. Typically, the turbine inlet 
temperature ranges from about 900 C. to about 1250 C. 
and the required combustor outlet temperature can be as 
high as 1500 C. to 1600 C. At these high temperatures, 
additional NO is formed in the post catalyst reaction Zone 
of the combustor section of FIG.1. Although the NO level 
produced in the catalytic combustor is typically low for 
natural gas and Similar fuels, it is Still desirable to reduce this 
level even further to meet increasingly Stringent emissions 
requirements. 
The relationship between temperature in the turbine com 

bustor section and NO produced therein is shown in FIG. 2. 
FIG. 2 shows the level of NO that ordinarily is produced in 
a combustor of the type shown in FIG. 1. At temperatures 
below about 1450° C., identified in the figure as Region A, 
the level of NO produced is below 1 ppm. As seen in FIG. 
2, attemperatures above about 1450 C., the Region Blower 
boundary, the NO level rises rapidly, with 5 ppm produced 
at 1550° C., and even higher levels, 9 to 10 or more ppm, 
above that temperature. For gas turbines that require com 
bustor outlet temperatures in Region B to achieve the drive 
turbine design (inlet) temperatures, and where emissions 
requirements demand emissions levels below 2 ppm, it 
becomes necessary to further modify the combustion 
System, including combustion process, apparatus and 
controls, to maintain the NO level produced in the com 
bustion Section of a gas turbine System at lower NO levels, 
for example, 2 ppm or leSS. 
The top portion of FIG. 3 is an enlarged schematic of a 

portion of FIG. 1 showing the major components of a 
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catalytic combustion System 12 located downstream of the 
preburner. The cataltic combustion System includes a cata 
lyst fuel injector 11, one or more catalyst Sections 13 and the 
post catalyst reaction Zone 14 in which is located the HC 
(homogeneous combustion) Zone 15. The bottom portion of 
FIG. 3 illustrates the temperature profile and fuel composi 
tion of the combustion gases as they flow through the 
combustor section described above. Temperature profile 17 
shows gas temperature rise through the catalyst as a portion 
of the fuel is combusted. After a delay, called the ignition 
delay time 16, the remaining fuel reacts to give the full 
temperature rise. In addition, the corresponding drop in the 
concentration of the fuel 18 along the same path is shown as 
a dotted line. 
Water Addition in Non-Catalytic Systems 

A. Bhargava, et. al., in ASME 99-GT-8, 1999 reports on 
the addition of water to a fuel-air mixture, combusting it in 
a flame combustor and measuring the NO level. That work 
was not done on a catalytic combustion System, but rather 
was done in a premixed combustion System in which the fuel 
and air is premixed prior to combustion. Further, the System 
tested by Bhargava, et. al. was a flame combustor System, as 
compared to a flameless catalytic System. The Bhargava 
combustion process relies on recirculation and other mecha 
nisms to stabilize the flame combustion process. The Bhar 
gava et al. report does show that water addition to the 
premixed fuel air mixture introduced into a flame combustor 
does reduce the NO level produced by the flame combustor. 
Flame combustorS may be used upstream of catalytic com 
bustion modules. 

In other work, water and Steam have been added to and 
mixed with fuel in gas turbine and other non-catalytic, 
flame-type combustors for the purpose of reducing NO. 
See: G. Touchton, ASME, 84-JPGC-GT3, 1985; F. Dryer, 
Sixteenth International Symposium on Combustion, The 
Combustion Institute, p. 279, 1976; T. Miyauchi et. al. 
Eighth International Symposium on Combustion, The Com 
bustion Institute, p. 43, 1981; J. Meyer and G. Grienche, 
ASME, 97-GT-506, 1997; L. Blevens and R. Roby, ASME, 
95-GT327, 1995. The process by which such NO reduction 
occurs is through the reduction of the temperature in the 
combustor flame Zone. The fuel is mixed with water or 
Steam, and this fuel/water mixture is then injected into the 
combustor and burned in a typical diffusion flame. The 
added mass of water, in either Steam or liquid form, reduces 
the hot Spot temperature of this type of flame combustor, 
thereby reducing the NO level. The temperature reduction 
is due to the high heat capacity of the water or Steam, and 
in the case of liquid water, additionally has a high heat of 
vaporization. The effect of the water or steam addition is to 
reduce the flame hot spot temperature So leSS NO is 
produced at the lower temperatures. None of Bhargava, 
Touchton, Miyauchi, Meyer or Blevens disclose employing 
controllers for continuous control of NO by control of water 
addition. 
Catalytic Combustion Systems Are Different in Kind 

However, flameless catalytic combustion Systems are not 
the same as flame combustors, as is evident from FIG. 3, as 
a result of which the introduction of water into a catalytic 
System is not predictable. Indeed, catalytic combustion 
Systems do not have localized high temperature spots nor do 
they employ recirculation, So addition of water for hot Spot 
control is not needed. Further, water addition would be 
expected to quench the catalyst, or reduce the temperature 
being produced at the outlet of the combustor Section to 
below the required drive turbine design temperature. 
Accordingly, one of ordinary skill in this art would not 
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4 
consider water addition to catalytic combustion Systems, nor 
would they expect that water addition to a catalytic System 
would lead to reduction in NO 

Thus, there remains a significant need for NO control and 
reduction in gas turbines, and more specifically in gas 
turbine combustor Sections employing catalytic combustion 
Systems. 

THE INVENTION 

SUMMARY, INCLUDING OBJECTS AND 
ADVANTAGES 

The invention is directed to methods and apparatus, both 
devices and Systems, for control of NO in catalytic com 
bustion Systems, and more particularly to control of NO 
produced during combustion of liquid or gaseous fuels in the 
combustor Sections of gas turbines by controlled injection of 
water in liquid or vapor form at Selected locations, 
orientations, amounts, rates and manners in the combustor 
and/or compressor Sections of gas turbines. 
The invention arises out of the discovery that the addition 

of water into at least one of a compressor and a combustor 
Section having a catalytic combustion System has the effect 
of reducing the NO produced in the post-catalyst homoge 
neous combustion Zone downstream of the catalyst. The 
water may be introduced in a wide variety of modes, 
locations, amounts, rates, temperatures, phases and 
orientations, both in the combustor Section and upstream of 
it in the compressor. For example, it has been found that the 
addition of water to the gas mixture that is fed to the catalyst 
module will reduce the NO produced in the post catalyst 
homogeneous combustion Zone by up to approximately 80% 
or more, to a concentration below about 2ppm NO in the 
hot gases being introduced into the turbine. 
By “addition” or “introduction of water” is meant addition 

or introduction of water in any phase or temperature, e.g., 
Stream, Spray, atomized or vapor form, the latter including 
hot water vapors or Steam. The water can be hot, ambient, 
cool or cold, typically ranging from about -10 C. to over 
400° C. 

It should be understood that by reference to “air' is meant 
broadly the proceSS gases flowing through the entire turbine 
System, as they change from air at the compressor inlet to 
combustion gases of varying oxygen content in the com 
bustor Section to the ultimate “product' hot gases Stream at 
the discharge end of the post catalyst combustion Zone of the 
combustor Section. 

It should be understood that a catalytic combustion 
System, properly operated, does not have a localized high 
temperature Zone. Thus, the added water, considered as a 
diluent, needs to be compensated-for by added fuel to 
maintain the combustor outlet temperature. In the case of a 
catalytic combustion System Such as that shown in FIG. 1, 
the overall combustor outlet temperature must be maintained 
at the level required by the gas turbine, i.e., the design 
temperature or turbine inlet temperature. Compensating 
amounts of fuel added to the preburner and injector/mixers 
is typically controlled in a Straight-forward manner by the 
turbine control System. 

It should be understood that the addition of water also can 
be strategically employed at various locations in Selected 
amounts within the compressor and combustor Sections to 
control the temperature profile shown in the bottom of FIG. 
3. In this connection, it should be understood that it is within 
the Scope and teachings of the inventive process to introduce 
water Simultaneously in a plurality of locations in the 
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compressor and combustor Sections, in differing amounts, 
and/or at different rates, and/or at different temperatures or 
forms, to obtain the desired temperature profile and com 
bustor outlet temperature control. Likewise, the inventive 
process includes introduction of water in programmed 
Sequences at different locations in different amounts, at 
different rates, temperatures, phases, forms and modes in 
those Sections. Such simultaneous and/or Sequential intro 
duction at multiple points and in varying amounts/rates/etc., 
along the gases path through the combustor and/or com 
pressor Section(s) may also be changed depending on the 
turbine operating cycle, from Start up, through spool up, at 
load, during turn down, and shut off, and during changes in 
load cycle. The inventive process includes introduction of 
the water in accord with a Suitable control algorithm, Such 
as monitoring the temperature at one or more locations in the 
combustor and/or compressor Section(s), monitoring the 
NO in the post catalyst reaction Zone or elsewhere along the 
proceSS air path, and controlling the amount, location, 
temperature, form (e.g., phase or droplet Size), mode and 
rate of water fed into the process to maintain the outlet 
temperature of the gases at the required temperature for 
efficient turbine operation. 
The addition of water (in all cases “water” refers to either 

liquid water, Steam or Superheated Steam) can be used to 
reduce NO in combustion Systems operating at reaction 
Zone temperatures above 900 C. It is preferably applied to 
combustion Systems operating at combustor outlet tempera 
tures of 1400° C. to 1700° C., and most preferably at 
combustor outlet temperatures of 1450° C. to 1600° C. The 
amount of water added is Sufficient to provide a concentra 
tion of water in the range of from about 0.1% to about 20% 
by weight of the total air and fuel mixture flowing into the 
post catalyst reaction Zone. The preferred amount of water 
addition is in the range of about 0.5% to about 10%, and the 
most preferred range of water addition is from about 0.1% 
to about 5% by weight. As the amount of water added is 
increased, the effect on the NO will be dependant on a 
number of factors including the reaction Zone temperature 
range and the residence time at the reaction Zone tempera 
ture. The ratio of NO reduction in ppm to water addition in 
weight % ranges from on the order of about 4 to about 20. 

The purity of water is also an important consideration, and 
it is a principle of the invention that good to high quality 
water is preferably employed So as to not introduce addi 
tional corrosive or catalyst poisoning components, or flame 
retardants or pollutant-causing or contributing components, 
molecules or ions. It is particularly important to use high 
purity water when injecting water upstream of the catalyst 
module, as the catalyst can be poisoned by a variety of 
water-born compounds. In addition, contaminants in the 
water can adversely impact the durability of the turbine 
downstream of the combustor. 

For typical Systems with reaction Zone temperatures of 
from about 1400° C. to about 1600 C. and residence times 
of 3 to 20 ms (milliseconds), the addition of 1% weight 
water to the weight of total mass flow through the combustor 
will reduce the NO by about 15%, at 2.5% wit/wt water the 
NO will be reduced by about 30%, and at about 5% wit/wt 
water the NO reduction is about 50% from the levels 
achievable without the addition of water. 
By way of additional embodiments and advantages, the 

inventive process and apparatus for control of NO via 
introduction of water include the following alternative water 
addition modes and/or locations, and control Systems for the 
additions: 

Water (as defined herein) is introduced at the compressor 
inlet or inter-stage in the compressor, where it can do 
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6 
double duty, both NO reduction and providing an 
inter-cooling effect, particularly where the water is 
introduced as liquid water and is ambient, cool or cold. 
This can result in increased turbine power (for water 
introduction at the compressor inlet) and/or efficiency 
(both power and efficiency are increased by water 
addition interStage in the compressor). 

Water can be introduced at the compressor discharge area, 
or in any location upstream of the preburner, if there is 
one. In this case the water will reduce the NO pro 
duced in the preburner. In addition, the long passage of 
the air and water to the catalyst will help to mix the air 
and added water, and the catalyst fuel mixer System will 
further mix the air with the added water. 

The water can be added by intermixing with the fuel, e.g., 
in the Fuel/Air injector/mixer (“Catalyst fuel injector & 
mixer”) for the catalyst fuel as shown in FIG. 1, so the 
mixer does double duty, mixing the fuel and air, and 
mixing the fuel/air mixture with the water. 

The fuel for the catalyst module is injected through a fuel 
peg comprising a cylindrical pipe having an internal 
passage for fuel and holes through the pipe wall direct 
ing the fuel into the air flow stream. In this embodiment 
of the invention, in a first alternative System and 
method, the water is added in a plurality of adjacent 
pegs Specifically designed for water injection. In a 
Second alternative of this embodiment, the water is 
injected via multiple passages within the fuel injection 
peg. In the latter embodiment, the water and fuel 
passages or lines to the fuel peg (spray heads or stubs) 
or injectors can be separate lines, or common lines can 
be sized and materials Selected to be compatible with 
the mixture of fuel and water. 

The water may be added downstream of the catalyst 
module, e.g., at or adjacent to the catalyst module 
outlet. In this embodiment, the water is piped to one or 
more distribution spray manifolds via the centerbody of 
the module, i.e., the module central axial rod or Spindle 
that can be hollow to carry the water. Alternatively, the 
water can be introduced through the periphery of the 
liner downstream of the catalyst. The Fuel/Air ratio can 
be adjusted, and the fuel Supplied can be increased to 
maintain the combustor outlet temperature. In this 
embodiment, the water purity requirement can be 
reduced to that required by the turbine, rather than a 
possibly higher purity required for water injection 
upstream of the catalyst module to guard against cata 
lyst contamination. 

Water (preferably steam) introduced at the catalyst mod 
ule outlet is combined with additional fuel, and this fuel 
is burned in the post catalyst reaction Zone, primarily in 
the HC Zone, to obtain even higher temperatures at the 
combustor outlet. The fuel and Steam, introduced Sepa 
rately but preferably as a mixture, will have greater 
mass, and will be more readily mixed into the hot 
proceSS gases exiting the catalyst. 

In another embodiment, the water can be injected 
upstream of the preburner to reduce preburner NO. In 
a typical catalytic combustion System used in a com 
bustor Section, the preburner is a premix preburner. In 
contrast, in typical combustors not employing catalytic 
combustion, a diffusion flame preburner is typically 
employed. The diffusion flame preburners are prone to 
producing NO. In accord with the process of this 
invention, water can be injected in association with a 
diffusion flame preburner. The advantages are that the 
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diffusion flame preburners with water injection will 
then produce low NO, and the water will then flow to 
the catalytic combustion system where it will then 
further reduce the amount of additional NO produced 
in the post catalyst reaction Zone of the catalytic 
combustion system. Water injection is also useful for 
reducing NO in a lean premix preburner. 

Water can be injected between Stages of a multi-stage 
combustion catalyst module, with water being conve 
niently ported to the appropriate Stage via the center 
body or via the periphery of the catalyst module. 

Waste heat in the gas turbine exhaust, or in the exhaust of 
a downstream boiler can be recovered and used to 
convert water into high pressure Steam which is then 
injected into the combustor section for the NO control 
in accord with the principles of the invention. This 
minimizes energy consumption to evaporate and heat 
the water with a resulting increase in overall proceSS 
efficiency. Thus, the water introduction system of the 
invention also provides a vehicle for efficient recovery 
and feed-back of heat into the combustion portion of 
the turbine System. 

Catalyst modules may contain both catalyst-containing 
and catalyst-free (non-catalytic) channels. In Such type of 
catalyst modules, the water can be introduced through the 
non-catalytic channels, with the advantage of eliminating 
effects of water on the catalyst coating. This also reduces the 
fuel content in the non-catalytic channels, which has the 
advantage of reducing the potential for hydrocarbon build up 
on the channel walls (soot or char buildup) or of combustion 
of the fuel in these channels. 

It should be understood that the embodiments described 
herein are exemplary only of the principles of the invention, 
and more than one mode and location of water introduction 
may be used simultaneously or Sequentially. Further, differ 
ent modes and locations of water introduction may be used 
at different times in the cycle of Start-up, Spool-up, continu 
ous operation (including turn-up or turn-down to meet 
output load demand), and shut-down. The purity, amount, 
rate of introduction, temperature and form or phase, and 
liquid droplet size of water introduced in each location may 
be controlled empirically through feed-back controllers 
measuring, inter alia, temperature, NO production, fuel 
usage and the like, or in accord with control System models 
or algorithms, including conventional, commercially avail 
able controllers, particularly where the water is premixed in 
the fuel. 
A wide variety of control Systems and controllerS may be 

used, e.g., feed-back control System controllers, dynamic 
control Systems, operating line or operating chart control 
Systems, open loop or closed loop Systems, and feed-forward 
control Systems, to monitor operation of the turbine, the 
compressor Section and the combustor Section for appropri 
ate water addition in accord in the principles of the inven 
tion. A control Strategy and control System that is particu 
larly useful by which water can be introduced into the 
combustor and/or compressor Section in accord with this 
invention is shown in our copending Application U.S. Ser. 
No. 09/942,976, of Yee, Velasco, Nickolas and Dalla Betta, 
filed Aug. 29, 2001, entitled CONTROL STRATEGY FOR 
FLEXIBLE CATALYTIC COMBUSTION SYSTEM, the 
disclosure of which is hereby incorporated by reference to 
the extent required to enable one skilled in the art to adapt 
Such controllers to include introduction of water in accord 
with the inventive process. 

Other examples of control Systems and fuel injection 
Systems by which water may be introduced into the com 
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8 
bustor and/or compressor Section in accord with this inven 
tion include the following: Reed et al., U.S. Pat. No. 
4,283,634 (1981-Westinghouse), describing a system and 
method for monitoring and controlling operation of indus 
trial gas turbine apparatus and gas turbine electric power 
plants preferably with a digital computer control System; 
Tyler, U.S. Pat. No. 5,095,221 (1992-Westinghouse), dis 
closing a gas turbine control System having partial hood 
control; and Kiscaden et al., U.S. Pat. No. 4,380,146 
(1983-Westinghouse) disclosing a system and method for 
accelerating and Sequencing industrial gas turbines and 
electric power plant gas turbines by a digital computer 
control System. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is described by reference to the drawings in 
which: 

FIG. 1 is a Schematic of a conventional modern gas 
turbine, and as Such represents background prior art; 

FIG. 2 is a graph of Temperature vs NO showing the knee 
in the curve at about 1450 F., below which is Region A of 
relatively low NO production, and above which is Region 
B at the temperatures of which NO is rapidly produced in 
a conventional gas turbine, thus representing background 
prior art; 

FIG. 3 is a related two-part figure, in which the upper 
portion is a Schematic of the catalyst combustion System 
portion of the combustor section of FIG. 1, and immediately 
below that is the temperature profile through the catalyst 
module and the HC Zone of the catalytic combustor; 

FIG. 4 is a graph of the results of the inventive process of 
injection of water in the catalytic combustion process in 
terms of NO vs Water Injection, in % by mass; 

FIG. 5 shows several alternative locations for introduction 
of water in accord with the inventive methods and apparatus 
of this application; and 

FIG. 6 shows a schematic of a gas turbine system with 
additional alternative locations for introduction of water 
including in the compressor Section, and automated control 
thereof by means of a controller in accord with the inventive 
methods and apparatus of this application. 

DETAILED DESCRIPTION, INCLUDING THE 
CURRENT BEST MODE OF CARRYING OUT 

THE INVENTION 

The following detailed description illustrates the inven 
tion by way of example, not by way of limitation of the 
principles of the invention. This description will clearly 
enable one skilled in the art to make and use the invention, 
and describes Several embodiments, adaptations, variations, 
alternatives and uses of the invention, including what are 
presently believed to be the best modes of carrying out the 
invention. 

In this regard, the invention is illustrated in the Several 
figures and tables, and is of Sufficient complexity that the 
many parts, interrelationships, proceSS Steps and Sub 
combinations thereof Simply cannot be fully illustrated in a 
Single patent-type drawing or table. For clarity and 
conciseness, Several of the drawings show in Schematic, or 
omit, parts or Steps that are not essential in that drawing to 
a description of a particular feature, aspect or principle of the 
invention being disclosed. Thus, the best mode embodiment 
of one feature may be shown in one drawing, and the best 
mode of another feature will be called out in another 
drawing. Process aspects of the invention are described by 
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reference to one or more examples or test runs which are 
merely expemplary of the many variations and parameters of 
operation under the principles of the invention. 

EXAMPLES 

A comparative bench-Scale test was run without added 
water and with added water at conditions that are typical of 
a gas turbine catalytic combustor Section. In the Series of 
tests of this Example, a two stage catalyst combustion 
System was run under typical gas turbine combustor Section 
conditions, namely the conditions for a modern high effi 
ciency turbine at 1515 C. post catalyst reaction Zone 
temperature, a gas pressure of 209 psig and at gas flow rates 
typical of a gas turbine combustor. Air was heated electri 
cally and then fuel and water was introduced into the air 
Stream at the required level prior to entering the catalyst 
module. The electrical heat was adjusted to control the gas 
temperature at the catalyst inlet at the required value. A gas 
Sample was withdrawn downstream of the catalyst and Sent 
to an analytical System to measure NO and NO and reported 
as a total referred to as NO. 
NO results are shown in Table 1 below. The following 

parameters were kept constant during the test: 
preSSure=209psig, 
airflow=7871 slpm (1.75" catalyst diameter), 
catalyst inlet temperature =450° C., 
observed post catalyst reaction Zone temperature =1515 

C. 
The residence time at the reaction Zone temperature was 
calculated based on the post-catalyst thermocouple location 
where the temperature was greater than 80% of the final 
temperature. 

TABLE 1. 

Effect of Water Iniection on NOx Suppression 

Steady state Water added, Residence NOx Reduction 
point % (mass) time, ms ppm % 

16 O 8.8 2.38 
3 O.48 8.8 216 9.2 
4 0.95 8.7 1.93 18.9 
7 1.65 8.6 1.73 27.3 
13 O 15.6 3.16 
12 O.47 15.5 2.82 10.8 
11 0.95 15.4 2.58 18.4 
1O 1.65 15.3 2.32 26.6 

These results indicate there is an unexpected and very 
significant decrease in NO levels when water is added. For 
example, at 1.65% by weight of water addition, the NO was 
reduced by about 27%. 

In additional examples, a Series of tests were run on the 
Same apparatus as in the Example above in which the water 
content was varied. The results are shown in FIG. 4, with the 
data being taken at 1515 C. in the post catalyst reaction 
Zone. FIG. 4 illustrates that there is a nearly linear decrease 
in NO level as the water content is increased for a wide 
variation in residence time. While we do not wish to be 
bound by theory, the decrease in NO may arise due to one 
or more of the following factors, or the interplay thereof, 
including: 

The addition of water increases the velocity, thus the 
residence time decreases. Based on calculations, this 
effect appears to be minimal; or/and 

The addition of water increases the amount of fuel needed 
to achieve proper combustor outlet temperature for the 
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10 
turbine, resulting in lower oxygen content in the com 
bustion gas, which oxygen is available to react with N 
in the inlet air. 

Discussion: Table 1 above is a Summary of the Significant 
data illustrating the principles of the method of this inven 
tion. It should be emphasized that these data are collected at 
the same reaction Zone temperature, in each case about 
1515 C., regardless of the amount of water added. In other 
words, the water addition does not reduce the NO produced 
merely by reducing the flame temperature. Rather the water 
reduces the NO at the same reaction Zone temperature in a 
Substantially linear relationship as a function of the mass of 
the added water. 

Table 1 shows that the water/NO reduction effect of the 
invention is unexpectedly large, the addition of only 1.65% 
water results in over 27% reduction in NO. This is particu 
larly surprising in view of the fact that the combustion of 
methane fuel produces water, and while that combustion 
water is present in the reaction Zone downstream of the 
catalyst, NO, is still being produced. That is, NO, is 
normally produced even in the presence of combustion 
water in non-water injection processes. 

For the specific runs described above, about 40% of the 
fuel is combusted within the catalyst and the remainder 
downstream of the catalyst in the post catalyst combustion 
Zone. For the case with no added water, the amount of water 
in the Stream exiting the catalyst is about 0.024 mass 
fraction, while the total amount of water produced after total 
combustion in the post catalyst reaction Zone is approxi 
mately 0.0605 mass fraction. The added 0.0165 mass frac 
tion added water increases the water content at the catalyst 
exit by 68% and the total water content by 27%. Note that 
the reduction in NO, -27%, is about the same as the added 
total mass fraction of Water. 

FIG. 5 illustrates several alternative locations for the 
introduction of water in accord with the inventive process 
and apparatus System aspects. FIG. 5 is an enlarged Sche 
matic representation of a catalytic combustor 40 which 
includes: an air Supply 48 from a compressor; a preburner 
assembly 41 having a fuel feed 42, a catalyst fuel injector 
assembly 43 having a fuel feed line 44; one or more catalyst 
Sections 45; and a post catalyst reaction Zone 46 Supplying 
hot gas 47 to a drive turbine next upstream thereof (shown 
in FIG. 6). 

Water can be introduced at location 49 where it is added 
to the air flow from the compressor before it enters the main 
combustor Section. Since this air Stream is quite hot, typi 
cally 250-450° C., it rapidly vaporizes liquid water. In 
addition, the air flow path to the preburner, catalyst fuel 
injector and catalyst will act to fully mix the water with the 
air prior to the homogeneous reaction Zone. In general, water 
as liquid water or as Steam can be introduced at any location 
between the compressor outlet and the preburner inlet, 
including in the combustor itself, Such as at location 53 
(generally characterized in the preburner flame Zone). 

Another alternative location for introduction of water is 
into the preburner inlet with the preburner fuel 42 as shown 
by water supply 50. At this location, water can be mixed 
with the fuel and injected into the preburner with the 
preburner fuel or it can be introduced through a separate 
Supply line and a separate injector, or introduced via a 
different passage in the same injector (the fuel injector). Fuel 
introduced at this location can also act to reduce NO 
produced in the preburner (the so-called “Prompt NO”) as 
well as NO produced downstream of the catalyst in the 
homogeneous combustion process (the “Thermal NO”). 

Water can also be introduced with the main catalyst fuel 
44 as shown by water Supply line 51. Again, at this location, 
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water can be mixed with the fuel and injected into the 
catalyst fuel air mixer with the catalyst fuel, or it can be 
introduced through a separate Supply line via a separate 
injector or a different passage in the same injector. A Second 
injector 54 with water supply 55 is shown just downstream 
of the catalyst fuel injector 43. Alternatively, this Separate 
water injector could be located upstream of the catalyst fuel 
injector. 

Injecting water in the catalyst fuel injector location 51 has 
the advantage that the fuel air mixer designed to efficiently 
mix the catalyst fuel with the air will also act to mix the 
injected water with the air. The catalyst fuel injector System 
can be a multiplicity of pegs that extend into the flowing air 
Stream. Each peg includes a fuel flow channel through the 
peg terminating in holes that eject the fuel into the air flow 
(gases flow). The water can be mixed with the fuel and the 
mixture is pumped through the same internal channels and 
injection holes. Alternatively, the peg can be designed with 
a Second channel for the water flow, a separate water Supply 
pipe and a Second Set of injection holes designed for the 
water. This latter approach is preferred Since the water flow 
could be Substantial and may require different channel sizing 
and different injection hole diameters. One skilled in the art 
can Select appropriate nozzles for the injection of the water, 
and control of the Spray droplet Size for thorough turbulent 
and/or vapor mixing. 
A completely separate injector 55 with water supply 52 

can be provided downstream of catalyst 45 to inject water at 
this location. This water becomes mixed with the hot gas 
Stream (residual fuel/air mixture) flowing out of the catalyst 
prior to combustion of the remaining fuel in the HC wave. 
This location is advantageous in that the added water does 
not flow through the catalyst, thereby minimizing the poten 
tial contamination of the catalyst by contaminants in the 
water. In applications using this location, it is presently 
preferred to employ additional mixer elements to ensure 
thorough mixing of the added water with the hot gases 
exiting the catalyst, as in present catalytic combustors no 
mixing device is located between the catalyst outlet and the 
downstream HC wave. 

FIG. 6 shows a Schematic of a complete gas turbine 
System; it should be understood that the combustor Section 
of FIG. 5 may be employed as the combustor section 40 
shown schematically in FIG. 6. Additional water injection 
locations are shown in this figure. Compressor 61 takes in air 
63, compresses it and feeds high preSSure air to the com 
bustor 40 (shown in detail in FIG. 5). Water 63 can be added 
to the inlet air 62, and compressed and mixed with the inlet 
air. A significant advantage of this embodiment results from 
the fact that use of liquid water provides evaporative cooling 
of the inlet air, thus increasing the air flow through the 
compressor and increasing the power output of the gas 
turbine System. 

Water can also be introduced in between compressor 
Stages 64 in the compressor, thus acting to cool the air in the 
compressor. This inter-cooling also increases power output 
and in addition increases turbine efficiency. Introduction of 
water upstream of the compressor or inter-Stage in the 
compressor also takes advantage of the compressor and 
downstream pathway components to mix the water with the 
a. 

FIG. 6 also shows a controller 70 that controls one or 
more water introduction valves V-Vs in a manifold 72 
(which includes Suitable spray heads or injection pegs) for 
injection of water from water source 74. Various sensors, S, 
provide Suitable, Selected inputs to the controller for the 
water injection control algorithm, Such as but not limited 
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12 
inputs of: temperature and/ or NO. Sensor(s) signals 76, 
turbine operation sensor(s) signals 78, compressor operation 
sensor(s) signals 80, and fuel flow sensor(s) signals 82. 
Other inputs 84 are provided to controller 70 to generate 
suitable turbine control outputs 86 as required. The arrows 
pointing to or from “70” indicate sensor inputs to controller 
70, or control signals from controller 70, e.g., to the fuel and 
water control valves, System parameter monitors and related 
mechanical, hydraulic, electronic and electromechanical 
Systems of the turbine unit, as the case may be. 

In connection with control approaches, an example of a 
feedback loop comprises measurement of the NO in the 
exhaust gases (the HC Zone or output gases adjacent the 
outlet of the combustor section) by a suitable NO sensor, 
and the amount, rate, temperature, form, phase, mode, 
purity, etc., of water injected in the proceSS gases or fuel is 
controlled by the controller to limit the NO to a preselected 
target level range. In a preferred version of this embodiment, 
the NO is continuously monitored for continuous feedback 
control of the water injection. 

In a dynamic-type, operating line or operating chart 
control System, the adiabatic combustion temperature at the 
combustor outlet is determined, e.g., by calculation (as 
shown in our copending Yee et all application identified 
above), and the water is injected according to a schedule that 
relates water injection amount/rate/weight % (concentration 
in the air or air/fuel mixture)/etc., according to a schedule or 
graphical line that relates water injection to calculated 
adiabatic combustion temperature. This eliminates the need 
to measure NO in cases where that measurement is costly 
or too slow for rapid response to changing operating con 
ditions. The final combustion temperature (the adiabatic 
temperature), based on fuel and air is calculated, and then 
through a plot like FIG. 2, above, the estimated NO that 
would be produced in the absence of water injection is 
determined. From this the water amount needed to meet the 
target NO level range can be determined from data of the 
type shown on FIG. 4, Such as in chart, relational database 
or graphical curve form. The controller follows the resultant 
line of water weight % vs NO to determine the amount to 
be introduced at the various locations along the gases flow 
path. The estimated NO can include both NO, from the 
reaction downstream of the catalyst (primarily thermal NO) 
and the NO, from the preburner (primarily prompt NO). 
This also provided the control strategy for addition of water 
into or upstream of the preburner to control NO from that 
source. Note that NO can also be measured at the turbine 
outlet. 
Industrial Applicability 

It is clear that the process and apparatus of the invention 
will have wide industrial applicability, not only to catalytic 
combustion Systems for gas turbines, but also to combustors 
employed in a variety of other types of power and hot gas 
producing Systems, Such as industrial boilers for Steam and 
process heat. 
The reduction in NO under the inventive process and 

apparatus is environmentally beneficial, offering the poten 
tial for significant amelioration in NO produced by high 
temperature combustion processes, thus lending the inven 
tion a wide industrial applicability. Further the increase in 
power output and turbine efficiency are significant advan 
tages for industrial and energy generation applications of the 
inventive process, apparatus and control Systems. 

It should be understood that various modifications within 
the Scope of this invention can be made by one of ordinary 
skill in the art without departing from the spirit thereof. It is 
therefore wished that this invention be defined by the scope 
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of the appended claims as broadly as the prior art will 
permit, and in View of the Specification if need be. 
What is claimed is: 
1. In a method of operating a catalytic combustion System 

wherein fuel is introduced into and are mixed with proceSS 
air flowing through a combustor or/and compressor, 
upstream of a catalyst module in Said combustor to form a 
fuel/air mixture, a portion of the fuel in Said fuel/air mixture 
is combusted in Said catalyst module, and a portion of the 
fuel is combusted in a post catalyst reaction Zone down 
Stream of Said catalyst module to provide a hot gases Stream 
of a preselected output temperature value, the improvement 
comprising the Step of introducing water from an external 
Source into at least one of Said process air, Said fuel and Said 
fuel/air mixture in an amount sufficient to reduce NO 
produced in Said post catalyst reaction Zone. 

2. Method as in claim 1 wherein said water is introduced 
in a phase Selected from liquid water, Steam, and mixtures 
thereof. 

3. Method as in claim 2 wherein the fuel concentration in 
Said fuel/air mixture is adjusted to compensate for the added 
mass of water and to maintain the gases output temperature 
at Substantially a preselected value. 

4. Method as in claim 3 wherein the water added provides 
a concentration of water in the range of from about 0.1% to 
about 20% by weight of the total mass of air and fuel. 

5. Method as in claim 4 wherein the amount of water 
added is in the range of from about 1% to about 5% by 
weight of the total mass of air and fuel. 

6. Method as in claim 2 wherein said introduced water is 
added Simultaneously or Sequentially in a plurality of loca 
tions along the path of the gases flow through Said combus 
tion System. 

7. Method as in claim 6 wherein said water introduction 
locations include at least one of: 

adjacent the gases inlet to the catalyst module; in the 
catalyst module; at the exit of the catalyst module, 
upstream of a homogeneous combustion Zone in Said 
post catalyst reaction Zone; in Said post catalyst reac 
tion Zone, adjacent the introduction of catalyst fuel; 
intermixed in Said fuel; and in association with addi 
tional fuel introduced downstream of Said catalyst 
module and upstream of a homogeneous combustion 
Zone, and combination of Said locations. 

8. Method as in claim 2 in which said catalytic combus 
tion System is disposed in a combustion Section of a gas 
turbine, Said combustor Section includes a pre-burner Section 
upstream of Said catalytic combustion System, a compressor 
Section is disposed upstream of Said combustor Section, and 
the output hot gas Stream feeds Said turbine, wherein Said 
water is introduced Selectively in at least one location along 
the path of gases flow into and through said compressor 
Section and Said combustor Section, and when water is 
introduced in a plurality of locations Said introduction may 
be simultaneous or Sequential in accord with operating 
conditions, including Selected level of NO reduction. 

9. Method as in claim 8 wherein water is introduced in at 
least one mode Selected from mixed in Said fuel, Separately 
from Said fuel or combinations of Said modes of introduc 
tion. 
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10. Method as in claim 8 wherein water is introduced in 

said preburner Section in amounts Sufficient to reduce NO 
produced in Said preburner. 

11. Method as in claim 8 wherein water is introduced 
upstream in Said preburner Section in amounts Sufficient to 
reduce NO produced in Said preburner Section. 

12. Method as in claim 11 wherein water is introduced 
upstream in at least one location Selected from Said com 
preSSor inlet, interStage in Said compressor, and combina 
tions thereof. 

13. Method as in claim 1 which includes the steps of 
measuring NO level in at least one of the combustor Section 
gases, combustor Section outlet gases, and where the com 
bustor Section feeds a turbine, the turbine outlet gases, and 
controlling the introduction of water to limit the NO to a 
preSelected value range. 

14. Method as in claim 13 wherein said control step 
includes a feedback loop comprising Substantially continu 
ous measurement of the NO level and adjustment of water 
introduction responsive thereto. 

15. Method as in claim 1 in which includes the steps of 
determining the adiabatic combustion temperature adjacent 
the outlet of Said combustor Section; and introducing Said 
water in accord with a Schedule of water injection rate to 
adiabatic combustion temperature needed to reduce NO to 
a preselected target level. 

16. Method as in claim 15 wherein said schedule is 
derived from consideration of NO produced vs temperature 
in Said combustor Section and NO reduction VS water 
injection. 

17. Method as in claim 16 wherein said NO value 
produced at Said combustor Section temperature is an esti 
mated value of NO produced in both said post catalyst 
reaction Zone and in Said preburner Section. 

18. Method as in claim 17 wherein NO produced in said 
preburner is controlled by introduction of water in at least 
one location of upstream of Said preburner Section; in Said 
preburner Section; and combinations of Said locations. 

19. Method as in claim 18 which includes the steps of 
recovering waste heat from Said combustion to convert 
water to high preSSure Steam for introduction in at least one 
of Said compressor, Said preburner Section, and Said com 
bustor Section. 

20. Apparatus for reduction of NO produced in a com 
bustor Section of a gas turbine downstream of a compressor 
Section, which combustor Section includes a catalytic com 
bustion System, comprising: 

a) at least one water Source; 
b) at least one manifold connecting said water Source to 

at least one of Said combustion Section and Said com 
preSSor Section for introduction of water into the pro 
ceSS gasses flowing into and through Said compressor 
Section and into and through Said combustor Section, at 
Selected one or more locations along the flow path of 
Said gases, and 

c) at least one controller that controls the introduction of 
water in amounts sufficient to reduce NO otherwise 
produced in Said combustor Section in accord with a 
target NO value range. 

k k k k k 


